One contribution of 11 to a theme issue 'Frustrated Lewis pair chemistry'.
Multivinyl-functionalized γ-butyrolactones, γ-vinyl-γ-methyl-α-methylene-γ-butyrolactone ( γ VMMBL) and γ-allyl-γ-methyl-α-methylene-γ-butyrolactone ( γ AMMBL), have been synthesized from biorenewable ethyl levulinate and effectively polymerized by Lewis pairs consisting of an organic N-heterocyclic carbene Lewis base and a strong organo-Lewis acid E(C 6 F 5 ) 3 (E = Al, B). This Lewis pair polymerization is quantitatively chemoselective, proceeds exclusively via polyaddition across the conjugated α-methylene double bond without participation of the γ-vinyl or γ-allyl double bond, and produces high-molecular-weight functionalized polymers with unimodal molecularweight distributions. The Al-based Lewis pair produces a polymer with approximately 5.5 times higher molecular weight than that produced by the B-based Lewis pair. The resulting vinyl-functionalized polymers are soluble in common organic solvents and stable at room temperature, and can be thermally cured into crosslinked materials.
This article is part of the themed issue 'Frustrated Lewis pair chemistry'.
Introduction
For post-functionalization or processing into advanced functional materials for various applications, polymers are required to bear chemically, thermally or photochemically sensitive functional groups [1] [2] [3] [4] [5] [6] [7] [8] . The desired method for the synthesis of such functional polymers is chemoselective polymerization of multi functional monomers by safeguarding one or more of the 2017 The Author(s) Published by the Royal Society. All rights reserved. NHC/E(C 6 F 5 ) 3 (E = Al, B)
NHC:
P g VMMBL P g AMMBL g AMMBL Scheme 1. Synthesis of renewable multivinyl-functionalized γ-butyrolactones and chemoselective polymerization by NHC-based Lewis pairs to produce functional poly(MMBL)s.
line, or in an inert gas (Ar or N 2 ) filled glovebox. Nuclear magnetic resonance (NMR) scale reactions were conducted in Teflon-valve-sealed J. Young type NMR tubes. High-performance liquid chromatography (HPLC) grade organic solvents were first sparged extensively with N 2 during filling 20 litre solvent reservoirs and then dried by passage through activated alumina (for Et 2 O, tetrahydrofuran (THF) and CH 2 Cl 2 ) followed by passage through Q-5 supported copper catalyst (for toluene and hexanes) stainless-steel columns. HPLC-grade dimethylformamide (DMF) was degassed and dried over CaH 2 overnight, followed by vacuum distillation (CaH 2 was removed before distillation), and this procedure repeated twice before use. Benzene-d 6 and toluene-d 8 were dried over sodium/potassium alloy and vacuum-distilled or filtered, whereas CD 2 Cl 2 , CDCl 3 , CF 3 COOD and DMSO-d 6 were dried over activated Davison 4 Å molecular sieves. NMR spectra were recorded on a Varian Inova 300 (300 MHz, 1 H; 75 MHz, 13 C), 400 or 500 MHz spectrometer. Chemical shifts for 1 H and 13 C spectra were referenced to internal solvent resonances and are reported as parts per million (ppm) relative to SiMe 4 . Elemental analyses were performed by Robertson Microlit Laboratories, Madison, NJ.
Ethyl levulinate, diethyl oxalate and sodium methoxide (30 wt% in methanol) were purchased from Alfa Aesar Chemical Co. Vinyl magnesium bromide and allyl magnesium bromide were purchased from Acros Organics Chemical Co., while potassium carbonate and formaldehyde (37 wt% in H 2 O) were purchased from Sigma-Aldrich Chemical Co. The synthesized monomers (γ-vinyl-γ-methyl-α-methylene-γ-butyrolactone ( γ VMMBL) and γ-allyl-γ-methyl-α-methylene-γ-butyrolactone ( γ AMMBL)) were purified by distillation and column chromatography using ethyl acetate and hexanes. These two monomers were first degassed, dissolved in dry toluene and dried over CaH 2 overnight, followed by filtration in the glovebox; the purified monomers were stored in brown bottles inside a glovebox freezer at −30°C (caution: these monomers are prone to polymerize with CaH 2 under neat conditions). Butylated hydroxytoluene (BHT-H, 2,6-di-tert-butyl-4-methylphenol) was purchased from Alfa Aesar Chemical Co. and recrystallized from hexanes prior to use. Tris(pentafluorophenyl)borane, B(C 6 F 5 ) 3 , was obtained as a research gift from Boulder Scientific Co. and was further purified by sublimation. Al(C 6 F 5 ) 3 ·0.5(toluene) was prepared by ligand exchange reactions between B(C 6 F 5 ) 3 and AlMe 3 [79] [80] [81] . The NHC catalyst 1,3-di-tert-butylimidazolin-2-ylidene (I t Bu) was purchased from Strem Chemical Co., while 1,3-di-isopropyl-4,5-dimethylimidazolin-2-ylidene (I i Pr) was prepared according to a literature procedure [82] . All other above commercial reagents were used as received. 40 min. This was further stirred for 20 h at room temperature. Subsequently, the reaction mixture was quenched by the addition of a saturated NH 4 Cl solution (30 ml). It was extracted four times with Et 2 O (100 ml), and the combined organic layers were washed with brine solution. The washed brine solution was extracted with Et 2 O (2 × 50 ml). All organic layers were combined and dried over NaSO 4 , followed by concentration under reduced pressure to give 6.55 g (75% isolated yield) of approximately 90% pure γ-vinyl-γ-valerolactone (VGVL) as a liquid. The residual ethyl levulinate was inseparable by column chromatography. This was used in the next step without further purification.
(c) Synthesis of γ-allyl-γ-valerolactone
To a solution of ethyl levulinate (1.50 g, 10.4 mmol, 1.0 eq.) in Et 2 O or THF (25 ml) was added a solution of allylmagnesium bromide in Et 2 O (1.0 M, 10.4 ml, 10.4 mmol, 1 eq.) at −30°C to 0°C over 20 min. This was further stirred for 3.5 h at 0°C. Subsequently, the reaction mixture was quenched by the addition of a saturated NH 4 Cl solution (15 ml). It was extracted four times with Et 2 O (50 ml), and the combined organic layers were washed with brine solution. The washed brine solution was extracted with Et 2 O (2 × 10 ml). All organic layers were combined and dried over NaSO 4 , followed by concentration under reduced pressure to give 1.30 g (89% isolated yield) of approximately 30% pure γ-allyl-γ-valerolactone (AGVL) as a liquid. This was used in the next step without further purification.
In a 250 ml Schlenk flask, under an atmosphere of nitrogen in a glovebox, sodium methoxide, 30 wt% in methanol (10.8 g, 59.7 mmol, 1.15 eq.), was added and capped with a rubber septum. This flask was interfaced with a Schlenk line and purged with dry nitrogen gas at room temperature. Diethyl oxalate (8.34 g, 57.1 mmol, 1.1 eq.) and VGVL (6.55 g of approximately 90% purity, 51.9 mmol, 1.0 eq.) taken in another Schlenk flask were added dropwise at room temperature through a cannula. After complete addition, the mixture was stirred for 16 h, during which time a red slurry was formed, affording a dark reddish viscous liquid (additional solvent is not required to perform this reaction). The viscous liquid was concentrated under reduced pressure and the residue obtained was washed with hexanes to afford a red-coloured solid. This was used in the next step without any further purification.
(ii) γ-Vinyl-γ-methyl-α-methylene-γ-butyrolactone
In a 500 ml single-necked round-bottomed flask, methyl oxalyl γ-vinyl-γ-methyl-γ-butyrolactone sodium salt (12.1 g, 51.7 mmol, 1 eq.) was added in 200 ml water and stirred at room temperature to obtain a homogeneous solution. This solution was cooled to below 10°C with an ice/water bath, followed by the addition of potassium carbonate (1.79 g, 12.9 mmol, 0.25 eq.) and 200 ml of dichloromethane. After stabilization of temperature below 10°C and complete mixing of both water and dichloromethane phases, aqueous formaldehyde (37 wt% in water, 4.1 ml, 50.1 mmol, 0.97 eq.) was added dropwise over 20 min and slowly warmed to room temperature over 24 h with stirring. The organic layer was separated from the aqueous layer and the aqueous layer was further extracted with dichloromethane (3 × 100 ml). All organic layers were combined and washed with brine solution. The obtained brine was extracted with dichloromethane (3 × 50 ml). Subsequently, all organic layers were combined and dried with sodium sulfate prior to the removal of dichloromethane under reduced pressure to afford γ VMMBL as a liquid (5.16 g, 72% isolated yield). 1 (e) Synthesis of γ-allyl-γ-methyl-α-methylene-γ-butyrolactone (i) Isolation of methyl oxalyl γ-allyl-γ-methyl-γ-butyrolactone sodium salt
(CH 3 ). Fourier transform infrared (FT-IR) (neat)
In a 100 ml Schlenk flask, under an atmosphere of nitrogen in a glovebox, sodium methoxide, 30 wt% in methanol (1.93 g, 10.7 mmol, 1.15 eq.), was added and capped with a rubber septum. This flask was interfaced with a Schlenk line, purged with dry nitrogen gas at room temperature. Diethyl oxalate (1.49 g, 10.2 mmol, 1.1 eq.) and AGVL (1.30 g of approximately 30% purity, 9.27 mmol, 1.0 eq.) taken in another Schlenk flask was added dropwise at room temperature through a cannula. After complete addition, the mixture was stirred for 16 h, during which time a red slurry was formed, affording a dark reddish viscous liquid (additional solvent is not required to perform this reaction). The viscous liquid was concentrated under reduced pressure and the residue obtained was washed with hexanes to afford a red-coloured solid. This was used in the next step without any further purification.
(ii) γ-Allyl-γ-methyl-α-methylene-γ-butyrolactone
In a 500 ml single-necked round-bottomed flask, the above methyl oxalyl γ-allyl-γ-methyl-γ-butyrolactone sodium salt was added in 100 ml water and stirred at room temperature to obtain a homogeneous solution. This solution was cooled to below 10°C with an ice/water bath, followed by the addition of potassium carbonate (0.32 g, 2.32 mmol) and 100 ml of dichloromethane. After stabilization of temperature below 10°C and complete mixing of both water and dichloromethane phases, aqueous formaldehyde (37 wt% in water, 0.7 ml, 9.00 mmol) was added dropwise over 20 min and slowly warmed to room temperature over 24 h with stirring. The organic layer was separated from the aqueous layer and the aqueous layer was further extracted with dichloromethane (3 × 50 ml). All organic layers were combined and washed with brine solution. The obtained brine was extracted with dichloromethane (3 × 10 ml). Subsequently, all organic layers were combined and dried with sodium sulfate prior to the removal of dichloromethane under reduced pressure to afford γ AMMBL as a liquid (0.31 g, 73% isolated yield relative to AGVL). 1 
(f) General polymerization procedures
Polymerizations were performed in 20 ml oven-dried glass reactors inside the glovebox under ambient conditions (approximately 23°C). For polymerizations of γ VMMBL, a predetermined volume of I t Bu stock solution in toluene (5.00 mmol, 0.60 ml, 3.36 µmol for a run with 600 eq. γ VMMBL relative to I t Bu) was diluted with toluene to a total volume of 4.5 ml. The polymerization was started by rapid addition of a toluene solution of I t Bu into the preweighed reactor containing γ VMMBL (0.25 g, 2.01 mmol γ VMMBL, 600 eq. relative to I t Bu) under vigorous stirring. The amount of monomer was fixed for all polymerizations, and the polymerization of γ AMMBL was performed in the same fashion. Similarly, the Lewis pair polymerizations were performed using the above procedure with the following condition: a 
of polymerization by addition of Lewis base (LB) solution in the respective solvent. In all cases, after the measured time interval, a 0.2 ml aliquot was taken from the reaction mixture via syringe and quickly quenched into a 1.5 ml septum-cap-sealed vial containing 0.6 ml of 'undried' CDCl 3 stabilized by 250 ppm of BHT-H; the quenched aliquots were later analysed by 1 H NMR to obtain monomer conversion data. The remaining bulk polymerization reaction was immediately quenched after the removal of the last aliquot by addition of 5 ml of 5% HCl-acidified methanol and precipitated into 100 ml of hexanes. The quenched mixture was stirred for 6 h, and the polymer produced was filtered and obtained as a white powdery solid. The isolated polymer was washed with MeOH, pentanes, and dried in a vacuum oven at room temperature overnight to a constant weight. P γ VMMBL. 1 
(g) Polymer characterization
Polymer number-average molecular weights (M n ) and molecular-weight (MW) distributions or dispersities (Ð = M w /M n ) were measured by gel permeation chromatography (GPC) analyses carried out at 40°C and a flow rate of 1.0 ml min −1 , with DMF as the eluent, on a Waters University 1500 GPC instrument equipped with four PLgel 5 µm mixed-C columns (Polymer Laboratories; linear range of molecular weight = 200-2000 000) and calibrated using 10 poly(methyl methacrylate) (PMMA) standards. Chromatograms were processed with Waters Empower software (v. 2002).
Glass-transition temperatures (T g ) of the polymers were measured by differential scanning calorimetry (DSC) on a Q20 DSC, TA Instruments. Samples were first heated to a temperature below the polymer curing and decomposition onset temperatures at 10°C min −1 , cooled to −50°C at 10°C min −1 , and then reheated to 350°C at 10°C min −1 . All T g values were obtained from the second heating scan, after removing the thermal history, and are reported as halfheight midpoints. Maximum rate decomposition temperatures (T max ) and decomposition onset temperatures (T onset ) of the polymers were measured by thermal gravimetric analysis (TGA) on a Q50 TGA Thermogravimetric Analyzer, TA Instruments. Polymer samples were heated from 20°C to 700°C at a rate of 10°C min −1 . Values of T max were obtained from derivative (wt%/°C) versus temperature (°C), while T onset values (initial and end temperatures) were obtained from wt% versus temperature (°C) plots.
Results and discussion
(a) Sustainable synthesis of γ VMMBL and γ AMMBL from biorenewable ethyl levulinate Our approach en route to the sustainable synthesis of the γ VMMBL and γ AMMBL monomers has focused on the use of the biorenewable levulinic acid or its derivative EL, because it was identified by a DOE study as one of the 12 compounds as potential new platform chemicals derived from biomass sugars [83] . The new route, outlined in scheme 1, consists of two steps for the synthesis of γ VMMBL and γ AMMBL. The first step involves the reaction between vinyl-or allylmagnesium bromide and EL to form the corresponding γ-vinyl-γ-valerolactone (VGVL) and γ-allyl-γ-valerolactone (AGVL) [84] [85] [86] . The crude VGVL and AGVL were subjected to fractional distillation as well as column chromatography to separate the unreacted EL (see Experimental section). However, it was inseparable by such typical techniques to yield pure VGVL and AGVL. 
c Number-average molecular weight (M n ) and MW distribution or dispersity (Ð) determined by gel-permeation chromatography (GPC) relative to PMMA standards. d A small (3-5%) high-MW shoulder peak was also present.
Subsequently, the obtained crude VGVL (electronic supplementary material, figure S1 ) and AGVL (electronic supplementary material, figure S2 ) were used in the second step without further purification. The second step involves two stages. The first stage is direct treatment of crude VGVL or AGVL with sodium methoxide and diethyl oxalate to generate methyl oxalyl γ-vinyl-γ-methyl-γ-butyrolactone or methyl oxalyl γ-allyl-γ-methyl-γ-butyrolactone sodium salt [63] , which is then vacuum dried to remove volatiles, washed with hexanes, further dried under vacuum, and used in the second stage without any purification. The second stage is condensation of formaldehyde with oxalyl γ-vinyl-γ-methyl-γ-butyrolactone or methyl oxalyl γ-allyl-γ-methyl-γ-butyrolactone sodium salts in water and dichloromethane in the presence of potassium carbonate according to the conditions outlined in scheme 1. This stage involves the following work-up procedures, consisting of separation of the organic layer, careful washing of the organic layer with brine solution, and removal of all volatiles under reduced pressure, which directly resulted in the formation of the monomers.
(b) Chemoselective polymerization of γ VMMBL and γ AMMBL by Lewis pairs Control runs in the absence of Lewis pairs showed no background monomer conversion in toluene or DMF up to 24 h at room temperature. Similar individual runs with the activators, B(C 6 F 5 ) 3 [B] or Al(C 6 F 5 ) 3 · 0.5Tol [Al] indicated a negligible amount of polymer formation. On the other hand, the control run using a [ γ VMMBL]/[I t Bu] ratio of 50 in DMF was slightly exothermic and achieved complete monomer conversion in 15 min, yielding relatively low-molecular-weight polymer products with a bimodal MW distribution (M n = 3.41 kg mol −1 , Ð = 1.32 for peak 1; low M n oligomer for peak 2), perhaps due to concurrent NHC and thermal initiations of γ VMMBL.
Subsequently, we examined Lewis pair polymerization of γ VMMBL and γ AMMBL with NHC/E(C 6 F 5 ) 3 Lewis pairs, in which E = Al or B and NHC is I t Bu or I i Pr. As per our previous findings the Lewis pair polymerizations of divinyl monomers were specifically effective in relatively non-polar solvents such as toluene [19, 20] . Under the conditions of table 1, nearquantitative conversion of γ VMMBL (98% yield) was achieved in 58 min with I t Bu/Al(C 6 F 5 ) 3 , when the monomer was premixed first with solvent followed by addition of the LA and LB (run 1). The resulting polymer exhibited a unimodal MW distribution with a high MW of M n = 122 kg mol −1 and Ð = 2.91; the polymer is soluble in common polar organic solvents, which indicated an absence of crosslinking reactions. The Lewis pair, I i Pr/Al(C 6 F 5 ) 3 . Noteworthy also is that, when carried out in DMF, the above polymerizations were much less effective, due to deactivation of Al(C 6 F 5 ) 3 by strong coordinative binding of the highly polar DMF to Al(C 6 F 5 ) 3 . The resulting P γ VMMBL and P γ AMMBL materials produced by these Lewis pairs were completely soluble in common polar organic solvents, which indicated an absence of crosslinking reactions and degradation of such materials. Overall, these polymerizations are quantitatively chemoselective, with the I t Bu/Al(C 6 F 5 ) 3 Lewis pair system yielding high-MW P γ VMMBL and P γ AMMBL functional polymer materials.
The complete chemoselectivity of the γ VMMBL polymerization was readily revealed by the 1 H NMR spectrum of the isolated P γ VMMBL, which exhibited the absence of α-methylene proton signals at δ 6.23 and 5.61 ppm and complete retention of the pendant vinyl group (−CH=CH 2 ) proton signals at δ 6.04, 5.30 and 5.18 ppm ( figure 1) . Similarly, the same quantitative chemoselectivity was also found in the polymerizations of γ AMMBL, as shown by the 1 H NMR spectrum of the isolated polymer (electronic supplementary material, figure S7 ). The FT-IR spectra of P γ VMMBL and P γ AMMBL (electronic supplementary material, figures S8 and S9) provided corroborative evidence, featuring the absorption bands corresponding to the pendant C=C bonds [P γ VMMBL: 3091 (=CH 2 str), 1644 (C=C str), 992 and 929 The chemoselectivity in the Lewis pair polymerization of γ VMMBL and γ AMMBL originates from the pathway that proceeds through polyaddition to the vinyl group conjugated with the carbonyl moiety, which is activated via coordination of the carbonyl to the LA, while leaving the non-conjugated vinyl or allyl group unperturbed, thereby yielding chemoselective polymerization and leading to soluble P γ VMMBL and P γ AMMBL polymers (scheme 2). This is consistent with the Lewis pair polymerization known to proceed via a bimolecular, activated monomer propagation mechanism [21, 74] . Accordingly, considering γ VMMBL as an example, a propagating step is proposed to involve nucleophilic attack of the activated γ VMMBL (adduct B) by zwitterion A and its homologues; the LA attached to the antepenultimate γ VMMBL unit after each addition step is regained by the incoming monomer, and the successive conjugate addition in such a propagating step yields the high-molecular-weight P γ VMMBL (scheme 2). Again, the proposed mechanism is in line with experimentally achieved high-molecular-weight P γ VMMBL.
The obtained P γ VMMBL material (M n = 122 kg mol −1 , Ð = 2.91) displayed a glass-transition temperature (T g ) of 197°C (electronic supplementary material, figure S10), as shown by DSC, as well as a decomposition temperature (T d , defined by the temperature of 5% weight loss) of 284°C and a two-step decomposition window with a maximum rate of decomposition temperature (T max ) of 418°C (electronic supplementary material, figure S11), as shown by TGA. Its DSC curve also exhibits an intense and broad exothermic peak starting at approximately 240°C (electronic supplementary material, figure S10), revealing thermal curing (crosslinking) of P γ VMMBL via the pendant vinyl groups. In comparison, the obtained P γ AMMBL material (M n = 116 kg mol −1 , Ð = 2.95) displayed a lower T g of 154°C (electronic supplementary material, figure S12), a lower T d of 253°C, and a two-step decomposition window with a T max of 425°C for the second, major decomposition step (electronic supplementary material, figure S13). It is worth noting here that the T g of P γ VMMBL is approximately 30°C lower than that of the related poly(γ-methyl-α-methylene-γ-butyrolactone) (227°C) [37] . This observation emphasizes the plasticizing effect of the vinyl group substitution. 
Conclusion
In summary, through this work we achieved the sustainable synthesis of multivinyl-functionalized γ-butyrolactones, γ VMMBL and γ AMMBL, from biorenewable EL, and the first chemoselective Lewis pair polymerization of such monomers. In particular, the polymerization of γ VMMBL and γ AMMBL by the I t Bu/Al(C 6 F 5 ) 3 Lewis pair system yielded high-MW P γ VMMBL and P γ AMMBL functional polymers with M n = 122 kg mol −1 and 116 kg mol −1 , respectively. Significantly, P γ VMMBL exhibited a high T g of 197°C, a T d of 284°C and a T max of 418°C (for the polymer with M n = 122 kg mol −1 ). The congener Lewis pair, NHC/B(C 6 F 5 ) 3 , is also effective for such chemoselective polymerization but produced polymers with much lower (approx. 5.5 times) MW. The Lewis pair polymerization of these multivinyl-functionalized γ-butyrolactones is also completely chemoselective, proceeding exclusively via polyaddition across the conjugated α-methylene double bond while leaving the unconjugated double bonds intact. The resulting vinyl-functionalized poly(methylene butyrolactone)s such as P γ VMMBL can undergo thermally induced curing upon heating at more than 240°C to form crosslinked materials.
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